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Abstract: Wiskott-Aldrich syndrome (WAS) is a rare X-linked primary immunodeficiency 
disorder characterized by the triad of eczema, thrombocytopenia, and severe and often recurrent 
infections. Despite the rarity of this disorder, our understanding of the molecular and cellular 
pathogenesis of WAS has continued to increase. Advances in the use of diagnostic tools, the 
provision of supportive care, and improvements in allogeneic hematopoietic stem cell trans- 
plantation have significantly reduced the morbidity and mortality associated with this disorder. 
Exciting advancements in the care of patients with WAS have also occurred, including the suc- 
cessful application of autologous gene-modified hematopoietic stem cell transplantation. 
Keywords: primary immunodeficiency, Wiskott-Aldrich syndrome, hematopoietic stem cell 
transplantation, gene therapy 

Introduction 

Wiskott-Aldrich syndrome (WAS) is an X-linked primary immunodeficiency disorder 
that is characterized by the classic triad of severe immunodeficiency, microthrombo- 
cytopenia, and eczema. 1 The incidence of this rare X-linked primary immunodeficiency 
disorder is approximately one to four cases per 1,000,000 live male births, with an 
average age at diagnosis of 24 months in families without a previously affected family 
member. 2 The estimated prevalence of WAS in the US is 1 .2% of patients with identi- 
fied primary immune defects. 3 

The gene responsible for WAS is located on the short arm of the X chromosome 
at Xpll.22-pll.23. 1 The WAS gene encodes the WAS protein (WASp), which is a 
501 -amino acid protein expressed within the cytoplasm of nonerythroid hematopoietic 
cells. 1 WASp is involved in actin polymerization and associated coupling of receptor 
engagement, signaling events, and cytoskeletal rearrangement. 1 Heterogeneous muta- 
tions spanning the entire WAS gene have been described. 1 These mutations in WAS 
alter the function and/or expression of the intracellular protein, WASp. 1 Perturbation 
in the function and/or expression of WASp is correlated with the spectrum of clinical 
findings of "classic" WAS and its associated phenotypic variations, such as X-linked 
thrombocytopenia (XLT) and X-linked neutropenia (XLN). 1 

The purpose of this review is to provide clinicians with a comprehensive review 
of the tools used in the clinical diagnosis and treatment of WAS and its associated 
complications. We will not focus on the molecular basis of WAS, including the structure 
and function of WASp. Recent developments that have occurred with respect to the 
pathogenesis and treatment of the complications that occur in association with WAS 
will be reviewed. Curative approaches, including the use of allogeneic hematopoietic 
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stem cell transplantation (HSCT), will be discussed. 
Emerging therapeutic approaches, such as autologous gene- 
modified HSCT, will also be reviewed. 

Diagnosis 

WAS is an X-linked disorder that is manifest in males, 
with an absence of clinical symptomatology in obligate 
female carriers. Rare cases of females with WAS have been 
described involving a deleterious mutation of the paternally 
derived X chromosome and nonrandom inactivation of 
the maternally derived X chromosome. 4 The diagnosis of 
WAS should be considered in any male presenting with a 
clinical history, physical exam findings, and laboratory data 
suggestive of the disorder (see Figure l). 2 Clinical findings 
consistent with WAS may be present or absent at various 
times across the trajectory of illness. Reassessment is neces- 
sary due to the evolution of clinical, physical, and laboratory 
findings over time. 

Despite the wide clinical spectrum seen in WAS, a strong 
genotype and phenotype correlation exists. 5 Mutations 
resulting in absent WASp expression are associated with 
the "classic" syndrome. Mutations resulting in residual 



WASp expression are associated with the milder XLT, 1 and 
gain-of-function mutations in the WAS gene result in XLN. 1 
The phenotype of the patient may also be altered by genetic 
reversion events that may endow a selective advantage upon 
hematopoietic cells with normal WASp expression. 6 In addi- 
tion to revertant mosaicism, mutations resulting in the restora- 
tion of a wild-type sequence of compensatory alterations have 
been described. These states can be suggested by a milder 
phenotype than would be predicted by the genotype. 

WASp detection 
and genetic analysis 

The use of flow-cytometry analysis of WASp expres- 
sion as a screening tool in all cases of suspected WAS is 
recommended. The quantification of intracytoplasmic WASp 
expression serves as a rapid and inexpensive screening test 
for WAS. 7 Abnormal WASp expression may indicate a vari- 
ety of disease states, including the presence of the disease, 
carrier state, revertant states, or mixed chimerism following 
transplantation. 8,9 If the flow-cytometry analysis of WASp 
expression is normal, further testing should be dictated by 
the clinical suspicion of the diagnosis. 



Physical exam 

Rash Eczema 

Bleeding Petechiae, ecchymoses 

Past medical history 

Rash Eczema 

Mucosal bleeding (easy bruising, epistaxis, hematochezia, hematuria) or 
intracranial hemorrhage 

Recurrent or severe sinopulmonary infections, viral infections, fungal 
infections, or opportunistic infections 



Autoimmunity Cytopenias, vasculitis, inflammatory bowel disease, arthritis, renal disease 

Malignancy Lymphoma 



Family history 


X-linked disorder 


Every generation affected; predominant male susceptibility 


Laboratory exam 


Complete blood cell count 


Anemia, microcytosis, thrombocytopenia, low mean platelet volume 


Peripheral blood smear 


Microthrombocytes 


Serum IgG, IgA, IgM, and IgE 


Low IgG, IgA, IgM; high IgE 




Abnormal isohemagglutinin titers and diminished vaccine responses to 


Isohemagglutinin and vaccine titers 


protein, polysaccharide, and conjugate vaccines 


Lymphocyte subsets and mitogen responses 


T-cell lymphopenia and abnormal proliferative responses to mitogens 



Bleeding 
Infections 



Figure I Clues to the diagnosis of Wiskott-Aldrich syndrome. 
Abbreviation: Ig, immunoglobulin. 
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For those cases in which the diagnosis is still under 
consideration, sequencing of the WAS gene is required. 
This typically includes sequencing of the coding regions 
as well as the intron and exon boundaries of the WAS gene. 
This approach will identify the majority of mutations in 
males; however, mutations impacting upstream regulatory 
elements or untranslated areas may be missed. Furthermore, 
WAS occurring in the setting of large deletions may also be 
missed. For those families in which the WAS mutation is 
known, targeted analysis of the WAS gene is recommended. 10 
These approaches have been utilized in the setting of prenatal 
diagnosis in at-risk couples. More recently, they have also 
been utilized in the setting of preimplantation genetic testing 
for at-risk couples seeking to avoid the birth of a child with 
WAS 11 or to ensure the birth of an unaffected child who may 
be utilized as a human leukocyte antigen (HLA)-matched 
donor in the setting of allogeneic HSCT. 12 

Clinical scoring 

Once a diagnosis of WAS is made, a clinical score may 
be assigned. 1314 The clinical scoring system is derived 
from a variety of clinical parameters, including the pres- 
ence of thrombocytopenia, eczema, immunodeficiency, 
autoimmunity, and malignancy. The WAS scoring system 
ranges between 0 and 5. A WAS score greater than or equal 
to 3 is considered "classic" WAS. These patients have pres- 
ence of thrombocytopenia, eczema, immunodeficiency, and 
infectious sequelae. The presence of autoimmunity and/or 
malignancy is consistent with a WAS score of 5. Transient 
eczema, immunodeficiency, and mild infectious complica- 
tions may also occur and may not portend a bad prognosis. 
These patients may still be classified as XLT with a WAS 
score of 2. A WAS score of 0 is reserved for those patients 
with gain-of-function mutations associated with XLN and/or 
myelodysplasia. Patients may transition from a lower WAS 
score to a higher WAS score. The mechanisms and risk fac- 
tors underlying this transition are unknown; however, data 
suggest that this transition may occur secondarily to epi- 
genetic changes. 15 Patients with a higher WAS score (ie, 5) at 
a younger age (ie, during the first 2 years of life) may repre- 
sent a group at a high risk of morbidity and mortality. 16 The 
most common first clinical manifestation in these patients 
was severe refractory thrombocytopenia with a platelet count 
less than 10,000/uL. 16 

Immunodeficiency 

Abnormalities in immune system function (ie, cell-mediated, 
humoral, and innate immunity) among patients with WAS 



result in susceptibility to a wide variety of infectious 
pathogens. 2 Despite this, infectious complications as a 
sole first manifestation of WAS are uncommon (<5% of 
cases). 2 Patients with WAS are susceptible to opportunistic 
infections with organisms such as Pneumocystis jirovecii. 2 
Patients with WAS may develop severe and disseminated 
forms of viral infections, with herpes simplex virus I or II 
(6% of cases) and varicella (3% of cases) as the most com- 
mon pathogens. 2 Invasive yeast and fungal infections 
(10% of cases) have also been described. 2 Sinopulmonary 
infections are the most common infectious complications 
prior to diagnosis, including otitis media (64% of cases) 
and pneumonia (25% of cases). 2 Other severe infectious 
complications may occur, such as sepsis (7% of cases) and 
meningitis (4% of cases). 2 

The immunodeficiency in WAS involves T cells, and 
is associated with both quantitative and qualitative defects 
in T cells. 2 T-cell lymphopenia is often present in patients 
with WAS, and may occur due to increased apoptosis. 17 
Patients with WAS typically have an absolute lymphocyte 
count > 1 ,000/uL, demonstrating the absence of the profound 
lymphopenia seen in other primary immunodeficiency 
disorders. An absolute lymphocyte count of <l,000/uL 
was noted in only 22% of patients with WAS. 2 Functional 
abnormalities in T cells may be present, as demonstrated 
by abnormal proliferative responses to mitogens; however, 
46% of patients have normal responses. 2 T-cell chemotaxis, 
activation, and cytokine secretion are also impaired in 
patients with WAS. 1819 

Humoral immune responses are abnormal in patients with 
WAS. 2 Serum levels of immunoglobulin (Ig)-G, IgM, and IgA 
are often low and IgE levels often high in patients with WAS } 
Functional antibody responses may be abnormal as demon- 
strated by abnormal isohemagglutinin titers (84% of cases) 
and diminished vaccine responses to protein (eg, 62% with 
abnormal responses to tetanus vaccine), polysaccharide 
(eg, 69% with abnormal responses to pneumococcal vaccine), 
and conjugate vaccines (eg, 66% with abnormal responses 
to Hib (haemophilus influenzae type b) conjugate vaccine). 2 
Perturbations in T-cell function mentioned earlier may impair 
the maturation and differentiation of B cells into antibody- 
producing cells and memory cells; however, intrinsic defects 
in B cells are also notable in patients with WAS. 20 

Abnormalities in elements of the innate immune response 
may also be present. Natural killer (NK) cells and numbers 
may be normal or increased in patients with WAS; however, 
NK cell function is often abnormal, including formation 
of the immunological synapse, mobilization of secretory 



The Application of Clinical Genetics 2014:7 



submit your manuscript | www.dovepress.com 
Dovepress 



57 



Buchbinder et al 



Dovepress 



granules, and subsequent cytolytic activity. 21 Despite the 
presence of normal numbers of neutrophils, monocytes, 
and other phagocytes, functional abnormalities may also be 
present in patients with WAS. 2 Chemotaxis, the initiation 
of degranulation, the formation of a functional respiratory 
burst, and antibody-mediated phagocytosis may be impaired 
in patients with WAS. 22,23 

Autoimmunity 

Autoimmunity is a frequent occurrence in patients with 
WAS. Estimates suggest 40% of patients with WAS develop 
autoimmunity, with many patients developing several 
manifestations of autoimmune disease. 2 As an example, 
Sullivan et al reported that two-thirds of patients with 
autoimmune manifestations of WAS developed multiple 
autoimmune disorders. 2 The most common manifestations 
of autoimmunity in the setting of WAS include autoimmune 
hemolytic anemia (14%), vasculitis (13%), renal disease 
(12%), and chronic arthritis (10%). 2 Autoimmunity in the 
setting of WAS may be due to the formation of autoanti- 
bodies or the presence of autoreactive T-cell clones. The 
development of autoimmunity as a complication of WAS 
may also be related to perturbations in regulatory T-cell 24 
and B-cell 20 homeostasis. 

Malignancy 

The development of malignancy is a frequent occurrence 
in the setting of WAS. Sullivan et al noted that 13% of 
patients with WAS developed malignancy at a mean 
age of 9.5 years. 2 Lymphomas were the most commonly 
observed malignancy in the setting of WAS. 2 Moreover, 
there is a preponderance of non-Hodgkin's lymphoma 
(NHL) in patients with WAS when compared to Hodgkin's 
lymphoma. 25 The most common histologic variants of 
pediatric NHL, such as Burkitt's lymphoma and lympho- 
blastic lymphoma, are poorly represented among patients 
with WAS. Other forms of NHL, including large-cell 
lymphoma variants, are more commonly described. Other 
malignancies, including myelodysplasia, leukemia, and 
myeloproliferative disorders, have also been described. 26 
The aggressive nature of malignancy in the setting of WAS 
portends a poor prognosis, as demonstrated by historical 
data suggesting >95% mortality among those affected. 2 
Genetic susceptibility conferred by abnormal WASp 
function, associated abnormalities in tumor-surveillance 
mechanisms (eg, impairment in NK cell cytotoxicity), and 
environmental factors (eg, Epstein-Barr virus [EBV]) are 



examples of factors that increase the risk of malignancy 
in patients with WAS. 27 

Thrombocytopenia/bleeding 

Thrombocytopenia is nearly universal in patients with WAS; 
however, the severity is variable. Approximately half of 
patients with WAS will have severe thrombocytopenia with 
a platelet count <20,000/uL. 2 Moreover, the severity is cor- 
related with the risk of bleeding. 28 Bleeding complications 
occur in >80% of WAS patients. 2 These bleeding complica- 
tions may be non-life-threatening (eg, epistaxis, ecchymoses, 
petechiae, etc) or life-threatening (eg, gastrointestinal hem- 
orrhage, intracranial hemorrhage). 2 Sullivan et al found that 
life-threatening bleeding complications occurred in 30% of 
patients; however, intracranial hemorrhage occurred in only 
2% of patients prior to diagnosis. 2 Megakaryocyte numbers 
are typically normal in patients with WAS; however, platelet 
formation is abnormal. 29 Moreover, platelet destruction in 
association with antiplatelet antibodies may be a contrib- 
uting factor in the maintenance of thrombocytopenia. 30 
Perturbations in platelet function are also notable, and may 
result in increased risk of bleeding and diminished platelet 
survival. 29 These defects in platelet production and function 
relate to the role WASp plays in the process of platelet forma- 
tion, activation, and associated cytoskeletal remodeling. 31 

X-linked thrombocytopenia 
and X-linked neutropenia 

XLT patients have excellent overall survival in contrast to 
patients with WAS; however, event-free survival demon- 
strates decrements over time. 32 Data from the XLT registry 
suggest an overall survival of 97% at 15 years, with only 
minor decrements over the life span. Event-free survival is 
similarly high at 15 years (74%); however, there is a sharper 
decrement over the life span. For example, by 30 years, 
event-free survival drops to 56%. Serious bleeding episodes 
occurred in 13.9%, life-threatening infections in 6.9%, auto- 
immunity in 12.1%, and malignancy in 5.2% of XLT patients 
at median ages of 4.9 years, 24.8 years, 12.2 years, and 
34.0 years, respectively. 32 XLN is a form of severe chronic 
neutropenia associated with variable degrees of neutropenia 
and associated infectious complications. In contrast to WAS, 
infectious complications suggestive of T-cell immuno- 
deficiency are absent. Perturbations in immune function are 
similar to those described for WAS; however, low numbers 
of NK cells are a consistent finding in XLN. Mild reductions 
in platelet counts have also been described. The potential risk 
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of myelodysplastic syndrome and myeloid leukemia exists, 
which requires regular surveillance. 

Prognosis and outcome 

Once a diagnosis is confirmed, the patient should be evaluated 
in a timely manner at a center with expertise in the manage- 
ment of WAS. Without appropriate care and intervention, 
morbidity and mortality are frequent. Sullivan et al found 
that 36% of patients with WAS experienced non-HSCT- 
associated deaths at a mean age of 8 years. 2 These deaths were 
attributed to infection (44%), bleeding (23%), and malig- 
nancy (26%). Many centers that provide care for patients 
with WAS and other primary immunodeficiency disorders 
have a multidisciplinary approach to the care of patients and 
affected family members. This includes genetic counseling, 
psychosocial support services, and subspecialist support, 
such as transplant immunology, hematology/oncology, 
infectious disease, and critical care. With appropriate care 
and timely intervention, patients with WAS have an excellent 
prognosis. As an example, long-term survival following the 
use of allogeneic HSCT is >80%.' 

Current management 

Treatment - infection 

The prevention of infectious complications is required. 
Intravenous Ig (IVIG) is an important adjunct in the treat- 
ment of WAS patients. 33 Patients with recurrent infectious 
complications, abnormal quantitative Igs, or abnormal 
antibody responses should be provided with IVIG at physi- 
ologic replacements doses. Alternatively, subcutaneous 
administration may also be considered. Patients with recur- 
rent bacterial sinopulmonary infections may benefit from 
prophylactic antibiotic use. 33 All patients who have undergone 
splenectomy, regardless of vaccination status, should be 
placed on lifelong prophylactic penicillin or an equivalent 
agent if they are allergic to penicillin or intolerant. Patients 
should be immunized with conjugated and unconjugated 
vaccines; however, the avoidance of live viral and attenuated 
viral vaccines is necessary. All patients with a diagnosis of 
WAS should be placed on Bactrim or an equivalent agent to 
prevent P. jirovecii pneumonia. For patients who have had 
significant viral infections, consideration can be given to the 
use of prophylactic antiviral agents. 

For those patients with clinical signs or symptoms of 
infection, prompt evaluation and treatment is necessary. 
The initiation of empiric parenteral antibiotic treatment is 
necessary in the majority of cases. The evaluation should be 



exhaustive until the source of the infection is uncovered. This 
may include invasive assessments, as cultures and isolation 
of the offending organism should be sought in order to guide 
therapy. In those cases where HSCT is being considered, 
attention to the prevention and treatment of infectious com- 
plications is necessary to limit pretransplant morbidity. 

Treatment - autoimmunity 

For severe manifestations of autoimmunity, immunomodu- 
latory therapy including IVIG may improve symptoms. 
A variety of immunosuppressive agents can also be utilized. 
Corticosteroids are widely utilized; however, the toxicity 
(eg, increased risk of fungal infections) associated with the use 
of these agents is often large. 16 Limited data exist on the use 
of other immunosuppressive agents and immunomodulatory 
therapies, such as cyclosporine, azathioprine, cyclophosph- 
amide, and plasma exchange. 16 Targeted immunosuppressive 
therapy utilizing monoclonal antibodies (eg, anti-CD20) may 
be a useful adjunct in cases of EBV or where a definitive 
pathophysiological role for autoantibodies is suspected. 16 For 
some types of autoimmunity, it is important to note that these 
can be secondary to infectious pathogens. As an example, 
arthritis can be secondary to chronic EBV, cytomegalovirus, 
mycoplasma, or other pathogens. In those cases where HSCT 
is being considered, attention to the treatment of autoim- 
munity is also necessary to limit pretransplant morbidity. 
Moreover, pre-HSCT autoimmunity may be associated with 
an increased risk of post-HSCT autoimmunity. 16 ' 34 ' 35 

Treatment - thrombocytopenia 

Early studies in WAS patients provided an assessment of 
agents that have been useful in the treatment of other forms 
of thrombocytopenia (eg, immune thrombocytopenic pur- 
pura). 36 IVIG did not have any appreciable impact on platelet 
counts. Splenectomy is associated with improvement and/ 
or normalization in the platelet count, although important 
limitations exist. 33 If the use of HSCT is under consideration, 
splenectomy should be avoided. Splenectomy is associated 
with increased morbidity and mortality following HSCT 34,35 
A recent report of long-term HSCT recipients with WAS 
documented that 21% of those who underwent splenectomy 
developed significant infectious complications. 34 No infec- 
tious complications were noted in those who did not have a 
history of splenectomy. Other agents, such as antifibrinolytic 
agents, are excellent adjuncts in the prevention and treatment 
of mucosal bleeding, with the exception of genitourinary 
bleeding, where they should be avoided. Platelet transfusions 
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using irradiated and cytomegalovirus-negative products may 
be necessary for patients with clinically severe bleeding 
(eg, intracranial hemorrhage) or for those patients at high risk 
for severe bleeding (eg, perioperative); however, the risks of 
alloimmunization remain. Newer agents, including throm- 
bopoietin mimetic drugs, have also been used in the setting 
of WAS; however, these approaches did not yield consistent 
improvements in thrombocytopenia or bleeding. 37 

Treatment - transplantation 

Transplantation is the current accepted curative approach for 
patients with WAS (see Table l). 16,3435.38-55 HLA typing of 
all potential family donors should be completed. If a family 
donor is not identified, an unrelated donor search should 
be performed, regardless of the WAS score. This approach 
allows for the identification of potential donors and also 
highlights those patients who lack donors, for whom alter- 
native therapeutic approaches may be needed. For patients 
with WAS and an HLA-identical sibling donor or a matched 
related or unrelated donor, HSCT should be considered. For 
those patients with a high WAS score (^3) lacking a sibling 
or matched related or unrelated donor, alternative donor 
HSCT should be considered. Younger patients (<2 years of 
age) with severe refractory thrombocytopenia (< 10,000/ia.L) 
may also benefit from early intervention with HSCT. 16 For 
XLT patients lacking a sibling donor, supportive care and 
clinical monitoring may be considered. HSCT should be 
avoided in patients with isolated thrombocytopenia, unless 
there is an HLA-identical sibling donor. 32 

Transplant considerations 

All patients should be considered for HSCT at a young 
age. In the setting of WAS, age at the time of HSCT is an 
important consideration. 16,35,40,44 Patients with WAS who 
undergo unrelated donor HSCT at younger ages (ie, less 
than 5 years of age) have outcomes that are comparable 
to those associated with the use of matched-sibling donor 
HSCT. Recommendations regarding the timing of HSCT 
when considering very young children (ie, neonates and 
infants) cannot be made, due to a lack of data focusing on 
the pharmacokinetics, pharmacodynamics, and toxicity of 
conditioning agents in neonates and young infants. 

Donor type is an important consideration in the utiliza- 
tion of HSCT for patients with WAS. 35,43 " 45 In general, HSCT 
outcomes have improved over time for all donor types. 34,35,40 
HSCT utilizing HLA-identical sibling donors is associated 
with excellent outcomes, as demonstrated by an overall sur- 
vival over 80%. 16,34,35,38 - 55 Matched unrelated donor HSCT has 



also demonstrated success in the setting of WAS, with the 
expectation of outcomes that are similar to the HLA-identical 
sibling donor experience. 16,34,35,38 " 55 For those patients with a 
high WAS score lacking an HLA-identical sibling donor or 
a well-matched related or unrelated donor, alternative donor 
HSCT may be considered. In general, the data are poor for 
haploidentical HSCT, due to the high morbidity and mortal- 
ity associated with graft-versus-host disease (GVHD) and 
rejection. Survival is approximately 50% in the majority of 
the larger published cohorts. 35,42,44 ' 45 ' 48 

Graft source is an additional consideration in the utiliza- 
tion of HSCT for patients with WAS. 34 " 43 The majority of 
the clinical experience in HSCT for patients with WAS is 
associated with the use of bone marrow as a graft source. 
A matched unrelated donor marrow that is 1 0/1 0 (considering 
HLA-A, -B, -C, -DRB1, -DQ) using high-resolution typing 
provides excellent outcomes. Recent data also demonstrate 
that cord blood as a graft source has excellent outcomes as 
well. 35,41,48 A cord blood unit that is 5/6 or 6/6 (considering 
HLA-A and -B using low-resolution typing and HLA-DRB 
using high-resolution typing) with an adequate cell dose 
is acceptable, and is associated with good outcomes. Cord 
blood units with a 4/6 match may also be considered if an 
adequate cell dose is available. Other donor cell sources, 
such as peripheral blood stem cells, may also be considered, 
although there is a higher risk of chronic GVHD. 

The choice of preparatory therapy is an important 
consideration in the care of a patient with WAS who will 
be undergoing HSCT. 38,48 Particularly for WAS patients, 
mixed chimerism has been associated with post-HSCT 
complications. A myeloablative preparative approach with 
the goal of obtaining complete and durable engraftment is 
ideal. Matched related or unrelated donor HSCT using a 
myeloablative preparatory combination, such as busulfan, 
cyclophosphamide, and antithymocyte globulin, is a proven 
approach with a marrow donor or suitable cord blood unit. 38-48 
The use of myeloablative preparatory regimens associated 
with reduced toxicity (eg, reduced-dose busulfan-, treosulfan- 
based regimens) are also being adopted in the setting of 
primary immunodeficiency disorders, including WAS. 51,52 
These approaches may be considered in patients without 
comorbidities, in order to limit early and late morbidity and 
mortality associated with HSCT. If the patient is unable to 
tolerate a myeloablative preparatory regimen due to under- 
lying infections or other comorbidities, a reduced-intensity 
approach to conditioning is recommended. Various groups 
have demonstrated the ability to achieve complete and durable 
engraftment using a reduced-intensity approach with matched 
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related or unrelated marrow donors or with cord blood. 53 54 
Additional data are needed; however, promising data in 
high-risk WAS patients are available. Nonmyeloablative 
preparatory regimens followed by HLA-matched related or 
unrelated bone marrow have also been utilized successfully; 
however, the data using these approaches are limited. 55 

Posttransplant complications 

Mixed chimerism 

Mixed chimerism posttransplant is an undesirable outcome 
following HSCT for WAS, secondary to the association of 
mixed chimerism with a variety of post-HSCT complications, 
including lymphopenia, autoimmunity, and thrombocy- 
topenia. 34,35 - 40 Recent data focusing on long-term outcomes 
and lineage-specific chimerism in 194 HSCT recipients 
with WAS demonstrated that mixed chimerism frequently 
impacts the myeloid compartment (16.5% of cases), fol- 
lowed by the B-cell compartment (7.4% of cases), and 
uncommonly the T-cell compartment (3.2% of cases). 35 With 
current approaches, the majority of patients with WAS will 
achieve full and stable donor chimerism (72.1% of cases). 35 
Those patients who undergo a reduced-intensity approach or 
nonmyeloablative approach have an increased risk of mixed 
chimerism post-HSCT. All HSCT recipients with a diagnosis 
of WAS should undergo an assessment of lineage-specific 
chimerism posttransplant. This analysis can be achieved 
using a variety of techniques, such as variable nucleotide 
tandem-repeat analysis on purified CD3, CD19, CD16/56, 
and CD14 (or CD15) cells. The quantification of lineage- 
specific WASp expression by flow cytometry may be even 
more informative, and would also provide data on specific 
T-lymphocyte subsets, such as CD4 + and CD8 + T cells. For 
those HSCT recipients who develop mixed chimerism, the 
use of cellular therapy should be considered, including the 
use of donor lymphocyte infusions. As an example, Shin 
et al noted that four of five HSCT recipients with WAS and 
mixed chimerism experienced an increase in donor chimerism 
following cellular therapy. 40 

Autoimmunity, infections, malignancy 

Post-HSCT patients with WAS are at risk for specific com- 
plications, including post-HSCT autoimmunity, infections, 
and malignancy. 34,35,40,41,44 Estimates of post-HSCT autoim- 
munity are variable (13.9%-20%). 34 ' 35 The development 
of post-HSCT autoimmunity typically occurs early (eg, 
the first 2 years post-HSCT); however, the development 
of these complications may be delayed and the course 
may be protracted. 34,35,40 The median time to development 



of post-HSCT autoimmunity is 1.5 years post-HSCT 
(range 4 months to 10 years), with a median duration of 
4 years. 34 Autoimmune cytopenias are the most common 
manifestation of autoimmunity post-HSCT and may require 
treatment. Shin et al noted that 55% of HSCT recipients 
with post-HSCT autoimmunity developed autoimmune 
cytopenias. 40 Moreover, it is important to note that HSCT 
recipients who have experienced autoimmunity prior to 
HSCT appear to have a greater risk of severe and prolonged 
post-HSCT autoimmunity. 

WAS patients who have undergone HSCT may also 
experience a significant risk of viral infections post- 
HSCT 34,35,40,41,44 Shin et al noted that 84% of HSCT recipients 
with WAS experienced viral reactivation. 40 This complication 
may be more pronounced in the setting of HSCT utilizing 
cord blood as a graft source. Hematopoietic progenitor 
cells that are contained within cord blood are virally naive. 
Moreover, the majority of WAS patients are infected with 
a variety of viruses from an early age. As a result of these 
issues, it is anticipated that post-HSCT reactivation of viral 
infections in the host may be a significant challenge. Careful 
and frequent surveillance (eg, with quantitative polymerase 
chain reaction), prevention, and treatment of these infec- 
tious sequelae are critical in the care of HSCT recipients 
with WAS. 

With regard to primary immunodeficiency disorders, the 
incidence of malignancies posttransplant are also among the 
highest in patients with WAS. 50 Estimates suggest an inci- 
dence of 3.3% in patients with WAS compared to an overall 
estimate of 2.3% in patients with other primary immuno- 
deficiency disorders. The types of malignancies documented 
in post-HSCT recipients with a diagnosis of WAS include 
lymphoproliferative disorders, such as posttransplant 
lymphoproliferative disorder (non-EBV-associated and 
EBV-associated), B-cell lymphoma, large-cell lymphoma, 
myelodysplasia, and myeloid leukemia. 34,35,40,41,44 Full donor 
engraftment and freedom from immunosuppression post- 
HSCT may limit the risk of malignancy. 

Emerging treatments 

Autologous gene-modified HSCT has been an emerging 
therapy in the treatment of primary immunodeficiency, 
including WAS. 56 " 59 The avoidance of the immunologi- 
cal barriers imposed by graft rejection and GVHD seen 
in allogeneic HSCT supports the use of autologous gene- 
modified HSCT. Utilizing these techniques, CD34 + -enriched 
grafts undergo ex vivo gene correction. Gene correction is 
carried out with the use of a variety of viruses that are able 
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to deliver and integrate the desired gene into the genome. 
Nonmyeloablative conditioning is used to confer a selective 
advantage to the gene-modified cells. The manipulated graft 
is then reinfused, with stable persistence of the corrected gene 
resulting in clinical improvement. 

Results from studies using y-retroviral vectors have 
been reported. 57 59 A total of ten patients with WAS received 
autologous gene-modified HSCT using cells that were trans- 
duced with retroviral vectors expressing WASp. Stable and 
durable integration of the corrected gene and expression of 
WASp was noted. 59 Following gene-modified autologous 
HSCT, improvement in the associated complications of 
WAS, including infection, bleeding, and autoimmunity, was 
noted in nine of ten patients. 59 Five patients demonstrated 
insertional oncogenesis with subsequent development of 
T-cell leukemia, and one patient developed myelodyspla- 
sia followed by acute myeloid leukemia. 59 Three of the 
patients with T-cell leukemia and the one patient who 
developed acute myeloid leukemia required subsequent 
allogeneic HSCT. 59 

Efforts at improving the efficacy and safety of autologous 
gene-modified HSCT have focused on the use of lentiviral 
vectors. 56 - 57 Three patients with WAS received autologous 
gene-modified HSCT using cells that were transduced with 
lentiviral vectors expressing WASp. Stable and durable 
integration of the corrected gene and expression of WASp 
was noted. Following gene-modified autologous HSCT, the 
patients with WAS demonstrated clinical improvement. In 
these cases, the gene-modified cells were reinfused after 
a conditioning regimen consisting of anti-CD20 mono- 
clonal antibody, busulfan, and fludarabine. No insertional 
oncogenesis-associated events have been recorded to date; 
however, time will be needed to assess long-term safety 
and efficacy. 

In addition to the advances in autologous gene-modified 
HSCT, newer approaches to the treatment of WAS may 
hold promise. 60 As an example, technology that will sup- 
port gene correction as opposed to the addition of a new 
gene using autologous gene-modified HSCT is rapidly 
advancing. Whether or not these techniques can be suc- 
cessfully applied clinically to WAS patients is not known 
at this time. Furthermore, our understanding of WAS as it 
relates to actin polymerization is continuing to unfold. As 
an example, WASp-interacting protein, a binding partner 
of WASp that serves to stabilize and prevent degradation 
of WASp, has been characterized. Efforts aimed at stabilizing 
WASp through WASp-interacting protein may prove useful 
and clinically beneficial in patients with WAS. 



Conclusion 

Despite the rarity of WAS, we have continued to make 
impressive strides in the strategies used to diagnose WAS. 
Improvements in the management of WAS have also been 
large, as demonstrated by the meticulous supportive care 
that is provided to these patients by experienced centers. 
Exciting advances in allogeneic HSCT have also ensured 
curative options and excellent long-term outcomes for the 
majority of patients with WAS. The immunological barriers 
of graft rejection and GVHD, which are the key challenges 
in allogeneic HSCT, have led to the development and suc- 
cessful application of autologous gene-modified HSCT in 
patients with WAS. The commitment of clinical and basic 
science resources across a wide array of disciplines, such 
as immunology, hematology, and transplantation, ensure a 
bright future for patients impacted by WAS, and also provide 
an exciting model for the care of other primary immuno- 
deficiency disorders. 
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